Abstract-The sea cucumber fishery is important in several countries of the Western Indian Ocean (WIO) but is generally not adequately managed. A regional MASMA programme (Marine Science for Management) granted by WIOMSA (Western Indian Ocean Marine Sciences Association) is providing data on the reproduction of some commercial species. In La Réunion, the two target species are Actinopyga echinites and Holothuria leucospilota. These sea cucumbers are very abundant on the fringing reefs and were sampled monthly during [2005][2006]. Data on the population structure and on the reproductive cycle of A. echinites are presented here. The main results are: 1) eviscerated weight (EW) distribution of individuals within the population of Planch'Alizés site is plurimodal with a main mode at 85-95g, 2) sex-ratio is skewed toward females, 3) anatomy of gonads is described in five maturity stages, 4) a seasonal reproductive cycle with a major spawning event in December-January and a minor spawning event in April, 5) size at first sexual maturity EW 50 equal to 45g is determined from another site (a sea grass bed with juveniles). These results are integrated with data from other holothurian species such as H. leucospilota, H. atra and Stichopus chloronotus previously studied in La Réunion and will be useful for research on the reproductive biology of sea cucumbers conducted in the other countries of WIO. 'Seasonal closure' using results on the spawning season during the warm waters period and 'minimum size' using size at first sexual maturity are tools for enhancing sustainable management of the fisheries.
INTRODUCTION
Sea cucumbers are prized by oriental populations for their dried body wall known as bêche-de-mer ('trepang' or 'hai-som') and constitute therefore an important resource of commercial value in coastal fisheries (Conand 1989 (Conand , 2001 (Conand , 2004a (Conand , 2008 . Worldwide demand of this marine product has increased the fishing pressure and has lead to over-exploitation (Conand, 2004a (Conand, , 2006a (Conand, , 2006b Countries of the Western Indian Ocean (WIO) have traded sea cucumbers for hundred of years, however only recently they have been interested in their management (Conand, 1989 (Conand, , 2008 Conand et al., 2006; Conand and Muthiga, 2007) which needs investigations on their biology including reproduction. A regional multidisciplinary MASMA programme (Marine Science for Management) granted by WIOMSA (Western Indian Ocean Marine Science Association) is underway in the WIO that will bring data on the reproduction of the most important bêche-de-mer species (Conand et al., 2006; Conand and Muthiga, 2007) . In La Réunion, the two target species are Holothuria leucospilota and Actinopyga echinites which are very abundant on the fringing reefs. Reproductive biology has been studied for H. leucospilota (Gaudron et al., 2008) but information for A. echinites is still needed. This latter species was studied in the tropical Pacific by Shelley (1981) and Conand (1982 Conand ( , 1989 and in Taiwan by Chao et al. (1995) .
A. echinites (common name 'deep-water redfish') is a medium-sized species whose tegument varies in colour, from light brown to orange. It has numerous papillae dorsally and its anus is ringed by five calcareous teeth. It is a common species fished on the shallow reef flats of the WIO (Conand and Muthiga, 2007) . On La Réunion reefs, A. echinites is mostly found on outer reef flats with oxygenated waters and lives exposed on the hard substrate, with a maximum density of 3 ind/m 2 (Conand and Mangion 2002; Conand 2008) .
Fishery management of holothurians in the WIO
The management of sea cucumber fisheries to enhance sustainability is becoming an important issue in many regions (Lovatelli et al., 2004; Bruckner, 2006; Conand, 2006a Conand, , 2006b Conand, , 2008 . It requires data on the population dynamics of the commercial species, which are generally still lacking. The sexual reproduction, if seasonal, is important to implement a harvest season and closure during the spawning. The size at first maturity (Conand, 2006a (Conand, , 2008 ) is necessary to limit capture sizes which has a biological justification in maximizing the yield per recruit and allow individuals to spawn before harvest, and also an economic reason as larger individuals command a better price than smaller ones. The present results for A. echinites and the already published results for other species from La Réunion are presented as a synthesis useful for future management in the WIO.
This study investigates biological aspects of the reproduction of A. echinites including size distribution of individuals, sex-ratio, anatomy of gonads, seasonal reproductive cycle and size (eviscerated weight) at first sexual maturity. Results from the present study, the first on the reproduction of A. echinites in the Indian Ocean, are compared with data from other sites where this species has been studied and from other holothurian such as H. atra, Stichopus chloronotus and H. leucospilota, previously studied in La Réunion (Conand et al., 1997 , Conand et al., 1998 , Hoareau and Conand 2001 , Uthicke et al., 2001 Conand 2005, Gaudron et al., 2008) . Results will be useful for the research on the reproductive biology of sea cucumbers conducted in the other countries of the WIO, as for H. scabra , Rasolofonirina et al., 2005 . Management of the stocks is now an urgent issue at national and regional levels (Lovatelli et al., 2004 , Conand 2008 . The spawning season and the size at first sexual maturity will be useful for a future regional management of the stocks.
MATERIAL AND METHODS
Actinopyga echinites specimens were collected by snorkelling over the reef of La Saline in La Réunion (21°07'S, 55°32'E). The species is abundant on the outer reef flat at the Planch'Alizés site. From September 2005 to October 2006, 18 sea cucumbers were collected bimonthly and placed into a solution of MgCl 2 (5%) in seawater prior to dissection. As smaller individuals were observed in a nearby seagrass bed, in December 2006, one additional sample was collected at this site. Biometric measurements recorded before specimens were dissected were: total length (TL) from mouth to anus to the nearest 0.5cm and total weight (TW) to the nearest 1g. The whole gonad, including the gonad basis and germinal tubules located at the anterior-dorsal part of the body, was removed, weighed (Gonad Weight -GW) to the nearest 0.1g and fixed in 7% buffered formaldehyde. The eviscerated weight (EW) or gutted body with all its organs removed, was weighed to the nearest 1g. The gonad index (GI) was calculated using the equation, (Conand, 1981 (Conand, , 1982 (Conand, , 1989 (Conand, , 1993 Gaudron et al., 2008) where GI is gonad index (%), GW is gonad weight and EW is eviscerated body weight. The latter parameter has been chosen over total weight because it is less variable (Conand, 1981) . For each preserved gonad, maturity was assessed using a five-stage maturity scale as used for other species (Conand, 1981 (Conand, , 1982 (Conand, , 1993 Gaudron et al., 2008) , based on macroscopic and microscopic features. Gonads were fixed in Bouin fixative for one week and stored in 70% ethanol before being dehydrated in graded ethanol, embedded in paraffin, cut into 5 µm slices mounted and stained in Haematoxylin-Eosin. Serial sections were observed under light microscopy. In the resting (stage 1) and immature (stage 2) stages, sex could not be established visually compared to growing stage (stage 3 developing gonads), maturation stage (stage 4 maturing gonads) and post-spawning stage (stage 5 spent gonads). The other observations include tubule length and diameter, gonad colour and form and, mode of oocyte diameter measured from a smear of the longest tubule. A scale of 'atresia' (phenomenon due to disintegration of germinal cells within the fecund tubules) was proposed for S. chloronotus based on its importance and was used here, where 'atretic' gametes generally occurred as brown patches.
Weight at first sexual maturity was not determined for specimens from the Planch'Alizés site, as all the individuals were either maturing or mature during the reproductive period. Instead, 40 smaller specimens of A. echinites were sampled from a nearby site of seagrass bed of the same reef in December 2006. First sexual maturity was defined as the eviscerated weight at which gonads of 50% of specimen were undergoing gametogenesis (EW 50 ) during the breeding season (see Conand, 1981 Conand, , 1993 . It was calculated by plotting the percentage of specimen with developing gonads of stage 3, 4 and 5 against classes of EW.
Data of sea temperature (in °C) were from , which was a study of 10 years of the sea surface temperature in Le Port (20°55'S, 55°17'E) and, solar radiation (joules.month -1 . cm -2 ) and rainfall (mm) were from Trois-Bassins (21°05'S, 55°15'E), fifteen kilometres south of the studied reef La Saline during -2006 .
The relationships between the timing of reproduction of A. echinites using the GI and the environmental factors (sea temperature, illumination, rainfall) were correlated, as presented for H. leucospilota (Gaudron et al., 2008) .
Statistical analyses were performed using Student's test (t-test) to compare differences between males and females for EW, GW, length and diameters of tubules, in order to highlight possible sexual dimorphism. A sex ratio was calculated and significance was measured by using a Chi-squared test. To determine whether gonad index differed between months, monthly mean GI were compared by using an unbalanced one-way ANOVA and significant difference was assessed by using a posthoc Tukey test (SPSS11.0 software). Normality of data was assessed by using K-S test (KolmogorovSmirnov test).
RESULTS

Reproductive biology of Actinopyga echinites
Biometric measurements
A total of 160 A. echinites were sampled from the reef of La Saline at Planch'Alizés in La Réunion during the 13-month collection in [2005] [2006] . Total weight (TW) of specimens collected at Planch'Alizés site ranged from 69g to 650g. Eviscerated body weight (EW) of these sea cucumbers ranged from 49g to 248g ( Figure 1A ) where females were significantly heavier than males (t-test; Table 1 ).
The sample from the seagrass bed ( Figure 1B ) is composed of smaller individuals with a modal eviscerated weight of 40g; the dissection showed that these were juveniles, which are rarely found in the field.
The TW was correlated significantly with the EW (r=0.88, P<0.001, n=155; Figure 2) . A. echinites of Planch'Alizés has a mode of EW ranging from 85-95g ( Figure 1A ). By using the regression line in Figure 2 , this mode of EW equals a mode for total weight of 150g. During the breeding season, gonads of both sexes were weighed and sexual dimorphism was significantly revealed only by tubule diameters where female features were greater than male features (t-test; Table 2 ).
Sex ratio
From the 160 A. echinites sampled at Planch'Alizés, 94 were female, 47 male and 18 specimen of undetermined sex, giving a sex ratio significantly different from 1:1 (χ 2 =15.7; P<0.001) and closer to a 1:2 ratio. Undetermined sex specimens (resting stage and immature stage) were encountered from June to October (Figure 3) . 
Gametogenesis
Macroscopic and histological observations of gonads allowed the description of five gametogenic stages. Immature (stage 1) and resting (stage 2) stages were very similar and the size at first sexual maturity of specimen will allow distinguishing between these two stages. Gonads in growing stage (stage 3) exhibited much variability in colour, gonadal tubules length and in the size distribution of oocytes within tubules. Specimen in maturing stage (stage 4) had the largest tubules and were full either of ripe oocytes, between 150-160 µm modal diameters (figure 4) or mature sperm.
Post-spawning gonads (stage 5) were again highly variable and 'Atresia' was generally limited.
The percentage of specimens in each different stage is shown for each bimonthly sample in reproduction showing a major spawning event, deduced by a strong increase of GI from October (GI=4.55±0.6%) to a maximum in December (GI=21.0±1.4%) followed by a decline until February (GI=6.3±0.9%) indicating that gametes were released during this two-month period (see also Figure 5 ). GI was slightly peaking again in April (9.5±1.7%), followed by a second decrease until June (GI=1.5±1.1%) revealing a minor second spawning event within this month. (Fig. 6 ).
Reproductive cycle: environmental factors and gonad index
The mean monthly sea temperature in Le Port recorded for ten years ( Figure 7A ) exhibited a seasonal pattern peaking in February and March where mean monthly temperature reached a maximal of 27.9°C, with the minimal monthly mean temperature found in September (23.4°C). There was no correlation between sea temperature and GI (see Table 2 ; r=0.11 and P=0.82). Mean monthly GIs increased with increasing temperature from October to December during gamete development, but thereafter no correlation remained ( Figure  7A ). However, there was a stronger correlation between light illumination and gonad index (Table 2 ; r=0.75 and P=0.09), where GI increased from June to December while illumination was increasing, and GI decreased from January to May when illumination was falling (Fig. 7B) . There was no correlation between rainfall and GI ( Fig.  7C ; Table 2 ).
Weight at first sexual maturity
The weight at first sexual maturity (Figure 8 ) in which 50% of A. echinites were in stages 3, 4 and 5 was found to have a mode of 46-55g of EW, equal to a total weight of 65g.
DISCUSSION
Synthesis on sexual reproduction of La Réunion Holothurians
Previous studies have been conducted in La Réunion on several species: Holothuria atra (Conand, 1996; Conand, 2004b) , H. leucospilota (Conand et al., 1997; Gaudron et al., 2008) and S. chloronotus (Hoareau and Conand, 2001; Conand et al., 1998 Uthicke and Conand, 2005) . (Conand and Mangion, 2002) . The modal 
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Reproductive parameters and cycle of Actinopyga echinites in different sites
Despite a high level of exploitation in the IndoPacific countries (Conand 2006a (Conand , 2008 ) the ecology and reproduction parameters of Actinopyga echinites (commercial name deep-water redfish) has been studied in only three locations from the tropical Pacific, where it is a common species (Clark and Rowe 1971) : 1) Papua New Guinea (PNG) (Shelley, 1981) , 2) New Caledonia (Conand, 1982 (Conand, , 1989 (Conand, , 1993 , and 3) Taiwan (Chao et al., 1995) . The present study is the first on the reproduction of A. echinites in the Indian Ocean. The present knowledge on distribution and abundance of A. echinites is that populations live on reef flats, mostly in wind-exposed sites in the four locations cited previously. Juveniles have been found on seagrass beds in Okinawa in August, which had allowed the study of their growth during one year (Wiedemeyer, 1994) , and, in PNG (Shelley 1981) and in La Réunion (this study), on a seagrass bed of the back reef. The density in New Caledonia (Conand 1982) was about 0.08 /m 2 , in PNG it was 0.18/m 2 (Shelley 1981) and in La Réunion at Planch'Alizés it was 2/ m 2 (Conand and Mangion 2002) , much less than in the seagrass bed were the juveniles were found in December 2006 (this study) in a dense patch of 5/ m 2 . As for other sea cucumbers, the density varied considerably between sites. The main results from these studies are summarized in Table 4 .
The length (or weight) frequency distribution in the populations studied was very variable and specimens of A. echinites were generally mediumsized.
The sex ratio in A. echinites has been found not significantly different from 1:1, except in La Réunion where an unbalanced sex-ratio was observed, and also in species undergoing fission like S. chloronotus (31:1) and H. leucospilota (1:9) Gaudron et al., 2008) . It is the first observation of unbalanced sex-ratio for a non-fissiparous species. Further sampling should be undertaken to demonstrate if this is due to segregation in spatial distribution of sexes within a population, or resulting from other mechanism.
The gonad anatomy and the characteristics of the 5 maturity stages do not show differences between the four populations presented in Table 4 .
Gonad-indices and biometric relationships between parameters such as TL, TW, DW (Drained Weight) and EW need to be standardised for comparisons between different populations of A. echinites. GI was very useful to determine the spawning season, as observations of spawning in the field are very scarse. For instance, spawning of A. echinites has been recorded only twice: in December the 10 th 1980 in PNG (Shelley, 1981 ) and in February 1979 in New Caledonia (Conand, 1982) . More attention should be paid in the future to this common commercial species. The spawning season of A. echinites in Taiwan (Northern hemisphere) was between May-July (with a first small decrease in March) and mean maximal gonad- index based on eviscerated weight was around 22% for both sexes, correlated with the phytoplankton increase (Chao et al., 1995) . In PNG much variation was observed as some mature individuals were found nearly all the year round (Shelley, 1981) . The unseasonal spawning behaviour may be caused by the close proximity to the equator, as suggested for other invertebrates (see Giese and Pearse, 1974) . The presence of mature individuals all year round could be an argument for the aquaculture of this species, which presently gets a medium-good price on the trepang markets (Conand, 2008) . However, a clear resting season appears from May to June and a major spawning season from November to March (Shelley 1981) . In New Caledonia, several populations of A. echinites have been studied for a number of years (1978 to 1982) showing a reproductive season from December to January (Conand, 1993) . In La Réunion (see results and Fig. 6 ), the gonad-index based on eviscerated weight peaked around 21% in December. A second smaller peak of GI in April was certainly due to fewer mature specimens. Thus, this species is generally a summer spawner with possibly less distinct spawning peaks close to the equator. In general, most tropical aspidochirotide holothurians follow this trend, with one of the few exceptions being H. whitmaei which spawns in winter (Conand 1981; Shiell and Uthicke 2006) .
Mean GI value calculated in December (21%) in La Réunion was similar to that found by Chao et al. (1995) in Taiwan (22%) during the spawning period.
Gonad-index variations help to understand the reproductive cycle such as spawning event but also some life history parameters such as fecundity. For example, the monthly maximum mean value of female gonad-index calculated using EW may give a first insight of the potential fecundity, taking the mean diameter of ripe oocytes into account. In Taiwan mean oocytes diameters is around 110 µm (Chao et al. 1995) , a slighty smaller value than in PNG (Shelley, 1981) , New Caledonia (Conand, 1993) and La Réunion (150-160 µm), but preservation techniques may have differed between studies. Fecundity of A. echinites is rather high, as mentioned earlier and cited in the literature for New Caledonia (Conand, 1982 (Conand, , 1989 (Conand, , 1993 ) with values of absolute fecundity from 4.10 6 to 25.10 6 oocytes, compared to the weight of ripe ovaries from the different sites. Concerning the influence of environmental factors on the reproductive cycle of A. echinites in La Réunion, as shown for H. leucospilota from La Réunion (Gaudron et al., 2008) , the onset of gametogenesis seems to be triggered by the increase of solar illumination in July. However, for A. echinites both temperature and rainfall factors did not seem to control the reproduction.
Overall, the spawning season of A. echinites seems longer in lower latitudes, as found for other species where several study sites were compared (Conand, 1989; Gaudron et al., 2008) . The size at first sexual maturity is difficult to compare between different studies because different parameters of weight were used and correlations between parameters were not available. In New Caledonia, sexual maturity is at DW 50 equalled to 75g corresponding to EW 50 of 67g. In La Réunion (present study), the first maturity was at EW 50 equalled to 46-55g. The presence of juveniles found in La Réunion on sea-grass beds nearby the studied site where mature specimen were sampled, as observed by Wiedemeyer (1994) , supports the hypothesis of some migration during growth for this species (Conand, 1989) .
Reproductive parameters of holothurians from La Réunion
Following the synthesis presented in Table 3 on H. atra, S. chloronotus, H. leucospilota and A. echinites, a few points need to be discussed. Population densities and biometrical parameters (TW and EW values) varied between both species and sites. This will need further analyses such as the effect of environmental and biotic factors (sediment, hydrodynamism, primary productivity and species interactions) to explain the patchy distributions of species and the carrying capacity of habitat.
The reproduction of the three species H. atra, S. chloronotus and H. leucospilota was characterised by the presence of both fission (asexual reproduction) and seasonal sexual reproduction (Conand 1996; Conand et al., 1997; Gaudron et al., 2008; Hoareau and Conand 2001 , Uthicke and Conand 2005 . These species displayed an unbalanced sex-ratio, which is rare in holothurian populations but already observed in fissioning species Uthicke and Conand 2005) . A. echinites reproduces only by sexual reproduction, but has an unbalanced sex-ratio. It would be useful to sample other populations of this species in la Réunion to prove if it is a local characteristic.
All the species studied have a main sexual reproductive season during the warm waters. However, some species present a minor spawning event a few months later, which could be only due to a few mature specimens, as the standard error of the mean (SEM) of the gonad-index was quite large at this time. Atresia was limited in spent gonads of A. echinites, compared to S. chloronotus and H. leucospilota (Gaudron et al., 2008) .
All these medium-sized species have a relatively small size (and weight) at their first maturity, as was found in New Caledonia (Conand 1989) . It is possible to infer the potential fecundity from the gonad-index maximum monthly mean. It was much higher in H. leucospilota (GI=42%) (Gaudron et al., 2008) , in agreement with the idea that larger species are more fecund (Conand 1993) . GI of S. chloronotus was the lowest, in agreement with the results found in other species from the Stichopodidae family where gonad anatomy is different from the Holothuriidae (Conand, 1989 (Conand, , 1993 . Therefore the medium-sized species studied in La Réunion present the same biological parameters in their reproductive strategy as those described in New Caledonia (Conand, 1989 (Conand, , 1993 .
Fishery management of holothurians in the WIO
The management of sea cucumber fisheries to enhance sustainability is becoming an important issue in many regions (Lovatelli et al., 2004 , Bruckner 2006 , Conand 2006a , Conand 2008 . It requires data on the population dynamics of the commercial species, which are generally still lacking. The sexual reproduction, if seasonal, is important to implement a harvest season and closure during the spawning (Table 5 ). The results obtained in La Réunion allow recommendations to be made for a seasonal closure during the warm waters season, from December to February. Asexual reproduction is important in some species, such as H. atra and S. chloronotus, during the cool season and thus this should also be taken into account. On the contrary, H. leucospilota and A. echinites display very little or no fission.
The size at first maturity is necessary to manage capture sizes (Conand, 2006a; Conand, 2008) which has a biological justification in maximizing the yield per recruit and allow individuals to spawn before harvest, and also an economic reason as larger individuals command a better price than smaller ones. The present results for A. echinites and the already published results for other species from La Réunion are presented as a synthesis for minimal weight value for capture (EW) ( Table 5) .
Recruitment is still poorly known for most species of sea cucumbers, particularly tropical ones (Conand, 1989; Shiell, 2004) although it is a vital parameter for fisheries management. The different reproductive strategies are likely to result in different patterns of recruitment. Species with a clear annual sexual reproduction may have a recruitment peak that should enable the discovery of small recruits in the field, though this has proven to be very rare throughout the Indo-Pacific (Conand 1989; Shiell 2004) . Recruitment is probably occasional and may not happen in the same area as the parental population as migration may occur Dec -Jan April -May Dec -Jan 46 46g -during growth. In La Réunion, small recruits of both S. chloronotus and H. atra with high seasonal asexual fission rates were found, some originating from fission, but also some small normal individuals probably from sexual reproduction (Conand pers. obs.) . For A. echinites, very small individuals were also found in a seagrass bed in Okinawa, Japan (Wiedemeyer 1994) . In La Réunion, juveniles were also found in a sea-grass bed, near the back reef. These individuals are useful to follow the growth of the species, another parameter essential to understand the population dynamics and, for hatchery and mariculture experiments.
CONCLUSION
This study on A. echinites, the first for the WIO, with comments on other species (H. atra, S. chloronotus, H. leucospilota) from La Réunion, has provided a new set of data on the reproductive biology in the Indian Ocean which are useful for the fishery management. These results will also be useful for the regional WIO programme on sea cucumbers (Conand et al. 2006, Conand and and approaches of integrated management.
